The traveltimes of first arriving seismic rays through most velocity structures can be computed rapidly on a three-dimensional numerical grid by finite-difference extrapolation. Head waves are properly treated and shadow zones are filled by the appropriate diffractions. Differences of less than 0.11 percent are found between the results of this technique and ray tracing for a complex but smooth model. This scheme has proven useful for earthquake location and shows promise as an inexpensive, well-behaved substitute for ray tracing in forward-modeling and Kirchhoff inversion applications.
INTRODUCTION
Transit times for seismic waves are computed in a variety of ways. Herein, I describe the extension to three dimensions of the two-dimensional (2-D) finite-difference method of Vidale (1988) . Currently, there are two classes of solutions to the problem of ray tracing seismic velocity structures, each with different types of difficulties. The simpler schemes for computing traveltimes assume a one-dimensional (1-D) velocity structure, which allows simple and inexpensive results. These methods produce errors to the extent that the velocity structure deviates from being solely depth-dependent, both from incorrect raypaths and from integration of incorrect slownesses along the raypath. The less simple schemes trace rays through 2-D or three-dimensional (3-D) velocity structures (terveny et al., 1977; Julian and Gubbins, 1977) . Ray tracing can produce the correct answer but is computationally intensive, frequently encounters shadow zones, and sometimes picks the wrong raypath as the first arrival.
Approximations can alleviate these difficulties: Thurber (1981) reduces the 3-D problem to two dimensions for economy; Thurber (1983) This paper presents a finite-difference method that computes the first-arrival time with no approximations and few potential problems. We are already using this scheme for earthquake location (Nelson and Vidale, 1990 ) and forward modeling to determine velocity structure. The procedure is similar to but more general than the 2-D finite-difference method proposed by Reshef and Koslof [1986, 
equation (S)]
and differs from the finite-element scheme of Virieux et al. (1988) in that isochrons rather than geometric rays are used.
METHOD
The method is formulated for a velocity structure that is sampled at discrete points in a 3-D space, with equal horizontal and vertical spacing. The question of what continuous structure is implied by the sampled structure is more complicated; for testing purposes, I compare the results with analytic solutions for a uniform medium and with a raytracing scheme in which the velocity structure is interpolated linearly between the sampled points. An array of the same dimension as the velocity structure is created to record the traveltimes. These two arrays use the bulk of the computer memory in this method.
The calculation begins with the identification of the grid point nearest the source location (the source need not coincide with a grid point). The traveltime to each grid point in the 5 by 5 by 5 point volume surrounding the nearest grid point is calculated by integrating the slowness from the origin to the point, assuming a straight raypath. (The calculation could begin with the 3 by 3 by 3 point volume, but errors from the curvature of the wavefront are greater than the errors from the assumption of a straight raypath.) The next step is to calculate the traveltimes to the 7 by 7 by 7 box containing the 5 by 5 by 5 volume with the method outlined below. This step is followed by the calculation of the 9 by 9 by 9 box containing the 7 by 7 by 7 box, and so on until the solution for the times of the points on this side of the current box. The solution for the traveltimes proceeds as follows: all the points on the side to be timed (the hollow circles in Figure 6 ) are sorted in order of increasing traveltime for the point just behind them in the previous box. I then consider each point in order of increasing traveltime. A point that is at a relative minimum in traveltime has none of its four closest neighbors on the current box timed, so scheme C is used to extrapolate its traveltime from the five traveltimes at points just behind it on the previous box. Since, by my choice of point 3, the traveltime to point 2 in Figure Ic is less than the  traveltime to points 0, I. 3. and 4 . the seismic raypath is nearly normal to the side (azimuth of 90" and dip of 90") and is in the region of high accuracy in Figure 5 .
At a point that has just one of its four closest neighbors timed, scheme B estimates the traveltime from the one neighbor on the current side and four other neighbors on the previous side. This situation arises at the points nearest to the point determined by scheme C in the previous paragraph Rules of thumb for usage are few. The attempt to follow a ray which flows in a direction counter to the order of solution leads to trouble. More explicitly, if a velocity contrast is more than a factor of two. a raypath, if correctly determined, might well progress from the region outside one of the boxes back inside the box. Clearly. with the method outlined, this ray is not timed accurately. since the area outside the box currently being solved has not yet been timed. This problem appears numerically as the square roots in equations (2) through (4) containing negative numbers. The most robust fix is to set the square roots to zero. which simulates rays traveling parallel to the boundary. but the answer in general is not correct.
The numbers quoted in this paper come from propagating about 100 grid points: better performance can be expected from finer grids. worse from coarser grids. A finer grid leads to more accurate traveltimes. In the case of velocity variations that are smooth enough that the errors shown in Figures 2 and 3 arc negligible far from the source, doubling the number of grid points traversed halves the error.
The traveltime fields of numbers can be converted to amplitudes by consideration of takeoff angles and geometrical spreading (see Vidale and Houston, 1990 ).
CONCLUSIONS
Traveltimes may be computed accurately through arbitrary 3-D velocity fields by finite-difference techniques. Comparisons with a ray-tracing method show that traveltimes computed across grids with dimensions of the order of 100 by 100 by 100 grid points have errors of less than 0. I I percent for smooth models. This technique, which is useful for a variety of applications. including iterative velocity inversion and Kirchhoff migration methods. promises to make computation of large numbers of traveltimes routine.
